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Abstract: We give a comprehensive study from flavor observables of pi, K, D(s), and
B(s) mesons for limiting the Two Higgs Doublet Models (2HDMs) with natural flavor
conservation, namely, Z2 symmetric (type I, II, X, Y) and aligned types of models. With
use of updated theoretical predictions and experimental analyses of B → τν, D → µν,
Ds → τν, Ds → µν, K → µν, pi → µν, B0s → µ+µ−, B0d → µ+µ−, τ → Kν, τ →
piν, B¯ → Xsγ, K-K¯ mixing, B0d-B¯0d mixing, and B0s -B¯0s mixing, we obtain constraints
on the parameters in the 2HDMs. To calculate the constraints, we pay attention to a
determination of CKM matrix elements and re-fit them to experimental data so that new
contributions from additional Higgs bosons do not affect the determination. As a result,
we find that the charged Higgs boson mass less than around 490 GeV is ruled out from
B¯ → Xsγ in the type II and Y models, whereas large tanβ is excluded from B0s → µ+µ−
in the type II. We also see that severe constraints on the mass and couplings are put from
B¯ → Xsγ, B0s → µ+µ−, and B0s -B¯0s in the aligned model. In addition, we discuss excesses
of observables in the muon anomalous magnetic moment and the semi-tauonic B meson
decays in the context of the 2HDM, and find that the aligned model can explain part of
the excesses, compatible with the other constraints.ar
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1 Introduction
Many experiments have investigated the validity of the standard model (SM). It has turned
out that the SM can mostly accommodate the present low-energy experimental data. One
of the most impressive features of the SM is the flavor structure. It is described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] in the Yukawa sector, which in turn re-
quires only one Higgs doublet. Charged currents and CP -violations in the quark sector are
controlled by the CKM matrix elements, whereas flavor changing neutral currents (FCNCs)
are naturally suppressed due to the Glashow-Iliopoulos-Maiani (GIM) mechanism [3]. Ex-
tensions of the SM, especially in the Yukawa sector, easily and/or drastically change such
a structure. Thus, flavor observables are good tools to test new physics involving such an
extension.
Two-Higgs-Doublet Models (2HDMs) are minimal extensions of the SM with a limited
number of parameters [4]. In the general 2HDM, there exist tree-level FCNCs in Higgs
boson interactions with fermions. A condition of natural flavor conservation [5] is usually
imposed on the Yukawa sector to avoid such dangerous FCNCs. In principle, there are two
ways to realize natural flavor conservation in the 2HDM. The first one is to introduce a Z2
symmetry in the Lagrangian so that each fermion doublet couples only to one of the two
Higgs doublets. Under this condition, there are four distinct types of Z2 symmetric model,
usually referred to as type I, II, X (“lepton specific”), and Y (“flipped”) models (see, e.g.,
Ref. [6]). A more general method is to impose an alignment condition on the flavor space
of the Yukawa matrices [7], which we call as an aligned model in this paper. From the
viewpoint of low-energy phenomenology, the differences between these five models appear
only in the parametrization of the Yukawa interaction terms that are sources of flavor tran-
sitions. The 2HDMs have been under detailed investigation for a long time, in particular
the type II model, which corresponds to the Yukawa interaction in the minimal supersym-
metric SM. In Ref. [8], a constraint on the 2HDM of type II from flavor observables have
been calculated as well as the global fit of the CKM matrix elements, taking the charged
Higgs effect into account. In Ref. [9], a comprehensive study for flavor phenomenologies
in the aligned model has been done. A study for the Z2 symmetric models is also given
in Ref. [10]. As for studies focusing on individual processes and collider phenomenology
in the 2HDMs, there are numerous papers these days (see Ref. [11] and its references and
citations for a review).
In recent years, theoretical calculations of higher order corrections on several flavor
observables have been developed. The next-to-leading order (NLO) electroweak (EW) and
next-to-next-to-leading order (NNLO) QCD corrections on B0s,d → `+`− in the SM have
been evaluated in Refs. [12–14]. The contribution of the extra Higgs bosons in the 2HDM is
also known [15, 16]. In Refs. [17, 18], the updated NNLO QCD prediction of the branching
ratio for B → Xsγ in the SM, considering all the available non-perturbative effects, has
been reported, and the NNLO contribution in the 2HDM was also obtained in Ref. [19].
The complete one-loop calculation of the EW correction on the B0s -B¯
0
s mixing in the 2HDM
is given in Ref. [20]. Moreover, lattice studies on non-perturbative QCD quantities such
as the meson decay constants and the bag parameters of neutral meson mixings have also
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been updated and collected recently [21].
Taking all the recent updates both for the theoretical calculations and the experimental
results along with the other significant processes, we perform a comprehensive study of the
type I, II, X, Y, and aligned models and obtain the current status of the flavor constraints
on the parameters in these models. In our study, we consider: the leptonic meson decays
B → τν, D → µν, Ds → τν, Ds → µν, K → µν, pi → µν, B0s → µ+µ−, and B0d → µ+µ−;
the hadronic tau lepton decays τ → Kν and τ → piν; the radiative B meson decay B →
Xsγ; and the neutral meson mixings ∆Ms, ∆Md, and |K |. In addition, we discuss several
observables in which deviations between SM predictions and experimental results have
been reported, such as the semi-tauonic B meson decays R(D(∗)) and the muon anomalous
magnetic moment ∆aµ, in the context of the 2HDMs. We also summarize formulae for the
observables of these processes in the 2HDM and utilize them to calculate constraints on
the parameters. To obtain the constraints, we underline all the uncertainties taken into
account in our evaluation and, in particular, pay close attention to the determination of
the CKM matrix elements since this is one of the dominant uncertainties. In this paper
we consider a CP conserved Higgs potential, which means that the CP-odd Higgs boson is
not mixed with the CP-even Higgs bosons.
Our paper is organized as follows. In Sec. 2, we review the Yukawa sector and the
parametrization of the 2HDM with the hypothesis of natural flavor conservation. The
flavor observables used in our analysis are summarized in Sec. 3, and we show useful
formulae for them. In Sec. 4 we obtain values of the CKM matrix elements by re-fitting
CKM parameters to experimental data, so as to avoid effects from extra Higgs bosons in
the 2HDM. In Sec. 5 we show the inputs and experimental data, and then we obtain the
constraints on the 2HDMs. We also discuss the anomalies in R(D(∗)) and ∆aµ. A summary
is given in Sec. 6.
2 Yukawa sector in 2HDM
When we consider two Higgs doublet fields Φ1 and Φ2 in a model with the SM fermion
field contents, the most general Yukawa Lagrangian is given by
−LY =
∑
a=1,2
[
Q¯L Yad ΦadR + Q¯L Yau Φ˜auR + L¯L Ya` Φa`R + h.c.
]
, (2.1)
where Yaf are flavor mixing complex matrices and Φ˜a ≡ iσ2Φ∗a. The vacuum expectation
values (VEVs) are defined as 〈Φa〉 = (0 va)T . In general, this term immediately induces
FCNCs via neutral Higgs bosons even at the tree level. To see it clearly, we can change
the basis of the Higgs fields Φi into Ψi so that(
Φ1
Φ2
)
= R(β)
(
Ψ1
Ψ2
)
, R(θ) =
(
cos θ − sin θ
sin θ cos θ
)
, (2.2)
with
Ψ1 =
(
G+
(v + h1 + iG
0)/
√
2
)
, Ψ2 =
(
H+
(h2 + iA)/
√
2
)
, (2.3)
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ξhu ξ
h
d ξ
h
` ξ
H
u ξ
H
d ξ
H
` ξ
A
u ξ
A
d ξ
A
` condition
Type-I cosαsinβ
cosα
sinβ
cosα
sinβ
sinα
sinβ
sinα
sinβ
sinα
sinβ cotβ − cotβ − cotβ Y1u,d,` = 0
Type-II cosαsinβ − sinαcosβ − sinαcosβ sinαsinβ cosαcosβ cosαcosβ cotβ tanβ tanβ Y1u = Y2d,` = 0
Type-X cosαsinβ
cosα
sinβ − sinαcosβ sinαsinβ sinαsinβ cosαcosβ cotβ − cotβ tanβ Y1u,d = Y2` = 0
Type-Y cosαsinβ − sinαcosβ cosαsinβ sinαsinβ cosαcosβ sinαsinβ cotβ tanβ − cotβ Y1u,` = Y2d = 0
Table 1. Relations of the scaling factors defined in (2.6) for each type of Z2 symmetric models.
where tanβ = v2/v1 and H
±(A) is a charged (CP odd) Higgs boson. The neutral Higgs
fields are indicated as h1 and h2, which are not yet in the mass eigen basis. In this basis,
the SM Higgs VEV (v =
√
v21 + v
2
2 ) and the NG bosons (G
±, G0) are contained in Ψ1.
Thus, we can rewrite the Yukawa Lagrangian in (2.1) as
−LY = Q¯L
(
YˆdΨ1 + ρdΨ2
)
dR + Q¯L
(
YˆuΨ˜1 + ρuΨ˜2
)
uR + L¯L
(
Yˆ`Ψ1 + ρ`Ψ2
)
`R + h.c. ,
(2.4)
where Yˆ ijf are the SM Yukawa matrices which derive fermion mass matrices, and ρ
ij
f are
new couplings which are in general not diagonalized in the mass eigen basis. Note that ρijf
do not contribute to the fermion masses. The forms of Yˆf and ρf are described in terms
of the original matrices Yaf as
Yˆf = Y1f cosβ + Y2f sinβ , ρf = −Y1f sinβ + Y2f cosβ . (2.5)
We can see that the off-diagonal elements of ρf cause FCNCs in the neutral Higgs sector
at the tree level. So, it is required to impose a natural condition so that such FCNCs
are suppressed, namely natural flavor conservation [5], or directly constrain parameters
inducing FCNCs by experiments. It is known that there are two ways to archive the flavor
conservation in the neutral current.
2.1 Z2 symmetry
It is well-known that the FCNC can be prohibited by imposing a Z2 symmetry on the
fields in the Yukawa sector [4]. This is realized so that two Higgs doublets Φ1 and Φ2 are
assigned to be Z2-even and -odd respectively such as Φ1 → +Φ1 and Φ2 → −Φ2. Due to
this assignment, each field f(= u, d, `) cannot have one of two original Yukawa matrices Yaf ,
which immediately leads to the relation ρijf ∝ Yˆ ijf and thus the FCNC term does not appear
in the Lagrangian. The protection against FCNCs is valid at any scale in the Z2 symmetric
models [15], as can be seen later in the formula for B0q → `+`−. This procedure leads to
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Aligned Type I Type II Type X Type Y
ζu cotβ cotβ cotβ cotβ
ζd cotβ − tanβ cotβ − tanβ
ζ` cotβ − tanβ − tanβ cotβ
Table 2. The relation between the Z2 models and the aligned model.
four distinct types of Yukawa interactions. In the mass eigen basis, it is summarized as
LZ2 symmetricY =−
u,d,∑`
f
mf
v
[
(ξhf h+ ξ
H
f H) f¯ PR f − iξAf Af¯ PR f
]
+
√
2
v
[
Vud u¯
(
ξAu muPL + ξ
A
d mdPR
)
dH+ + ξA` m` ν¯ PR `H
+
]
+ h.c., (2.6)
where Vud is the CKM matrix element, PR
L
= (1± γ5)/2, h and H are the neutral CP even
Higgs bosons in their mass eigen basis obtained by (h1 h2)
T = R(α − β)(H h)T , and
ξφf are scaling factors of the Yukawa couplings, dependent on the type of the model. The
explicit expression for ξφf is listed in Table 1. We see that the Yukawa sector is controlled
by tanβ and sin(α− β) in this model.
2.2 Alignment
Another way to naturally forbid the tree level FCNC is worked out by taking the two
Yukawa matrices to be aligned such as Y2f ∝ Y1f , or equivalently
ρijf ≡ ζf Yˆ ijf , (2.7)
where ζf for f = u, d, and ` are family universal scaling factors
1. The parameters ζf can
be complex values, in principle. If ζu,d are complex values, determinations of the CP phase
in the CKM matrix are affected. In this paper, we take ζf to be real. In this case, the
scaling factors of the Yukawa couplings in (2.6) are written as
ξHf = cos(α− β) + ζf sin(α− β) , (2.8)
ξhf = − sin(α− β) + ζf cos(α− β) , (2.9)
ξAf =
{
+ζf f = u
−ζf f = d, `
. (2.10)
We can see from Table 2 that the Z2 symmetric types can be considered as the particular
cases of the aligned model. In this model, the alignment condition as in (2.7) is only
1 We can also define the alignment condition such as Y2f = ζ¯fY1f . Under this condition, ρf is also
proportional to Yˆf . The relation between ζ¯f and ζf is written by
ζf =
ζ¯f − tanβ
1 + ζ¯f tanβ
.
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guaranteed at the scale where the model is defined. Namely, non-zero contributions from
running effects can be generated at a low energy scale, see e.g., Ref. [15]. We see such
effects in B0q → `+`− later. We have practically sin(α−β) and ζf as the model parameters
in the Yukawa sector and tanβ is irrelevant to this sector. A typical difference of this
model from the Z2 symmetric models is that ζf is nothing to do with the fermion mass
and the VEVs. Hence it can be arbitrary.
2.3 Type III
Indeed, we can consider the case that the FCNC interactions appear at the tree level. This
class of model is called as a type III model and directly obtained from (2.4) without taking
any condition. In this model, there are a lot of couplings which can induce the FCNC
transitions and thus, they are severely constrained by experiments. For an overview of this
model and flavor constraints, see Ref. [22]. Recent studies for the top quark FCNC in the
type III are given in Refs. [23–30]. As for the lepton flavor violating decay of the Higgs,
there are several investigations in Refs. [31–34]. The decay can be related to a muon
anomalous magnetic moment in this class of model [35]. Some flavor structures can be
derived if a global symmetry is imposed on the fields. The BGL model has been proposed
by considering such a symmetry [36]. This model prohibits FCNCs in the up-type quarks.
On the other hand, FCNCs in the down-type quarks are controlled by the CKM matrix
elements. This class of models has been recently analyzed in Refs. [37, 38].
3 Flavor observables
In the 2HDM, the charged Higgs boson H± can contribute to flavor observables via the
charged current. By considering the Z2 symmetry or the alignment condition, interesting
features appear in the Yukawa interaction term as follows. The tree-level interaction term of
H± with quarks has the same CKM structure with that of W±. Higher oder corrections due
to loop diagrams through extra Higgs bosons provide additional contributions to FCNC
processes in the quark sector. On the other hand, the lepton flavor violation is quite
suppressed due to a tiny neutrino mass contribution.
A sensitivity of an observable to a new physics model, from the viewpoint of limiting a
new physics model, depends on the situation such that how much precisely the observable
is measured and how much the parameters involved in the new physics model can enhance
the effect on the observable. To clarify which observables are important to constrain the
2HDM, we classify flavor observables as follows.
(a) Potentially sensitive to the extra Higgs bosons
(b) Insensitive to the extra Higgs bosons due to
-1. no enhancement in the contributions
-2. low precision and/or large uncertainty
(c) Anomalies
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Obviously, observables in the category (a) are significant in order to limit the 2HDM. The
category (b) plays an important role when we fit the CKM matrix elements in the 2HDM.
In the SM, they can be determined by a fit to experimental data for each element, or we
can also perform a global fit to a specific parametrization. In the 2HDM, however, some
of observables are affected by the extra Higgs bosons and thus the CKM matrix elements
must be re-fitted by taking such an effect into account. In particular, the CKM matrix
elements should be determined by the observables classified as (b-1) and not (b-2). The
category (c) means that a discrepancy between a SM prediction and an experimental result
exists in an observable. Such an observable is also important for an indirect evidence of
the additional scalar bosons.
In the following subsection, we summarize theoretical formulae of flavor observables
classified as (a) and (c), which are useful to constrain the 2HDM. After that in the next
section, we discuss the way to obtain the CKM matrix elements by the global fit with use
of observables in (b).
3.1 M± → `±ν and τ± →M±ν
In the 2HDM, decay processes M± → `±ν and τ± → M±ν occur at the tree level and
their branching ratios are given by
B(M± → `±ν) = τMG
2
FmMm
2
`
8pi
(
1− m
2
`
m2M
)2
|Vud|2 f2M |1 + CH |2 , (3.1)
B(τ± →M±ν) = ττG
2
Fm
3
τ
16pi
(
1− m
2
M
m2τ
)2
|Vud|2 f2M |1 + CH |2 , (3.2)
where M+ is the meson which consists of (ud¯), fM is its decay constant, τM is its lifetime,
and Vud is the relevant CKM matrix element in the process. In the following part, we
omit the notation of charge assignment unless otherwise stated. The contribution from the
charged Higgs boson is encoded in CH , written by
CH = ξ
A
` ξ
A
u mu − ξA` ξAd md
mu +md
· m
2
M
m2
H±
, (3.3)
where ξAf is defined in (2.6) and applied to each specific model. The main sources of
non-negligible uncertainties for theoretical evaluations are fM and Vud as shown later.
The branching ratios of B → τν, D → µν, Ds → τν, and Ds → µν are notable
observables in the 2HDM. The processes B → µν and D → τν are less sensitive to new
physics since only upper limits of the branching ratios are given by experiments for now.
For the K, pi, and τ decays, the ratio
B(K → µν)
B(pi → µν) ,
B(τ → Kν)
B(τ → piν) , (3.4)
can be significant thanks to smaller theoretical uncertainties and precise experimental data.
In this case, the long distance electromagnetic corrections enter as (1+δ
K/pi
EM ) and (1+δ
K/pi,τ
EM )
in (3.4), respectively. These corrections are very small, but include uncertainties taken into
account. Input values are shown in Sec. 5.
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3.2 M0 → `+`−
Pure leptonic decays of neutral meson M0 → `+`− can probe the effect of the 2HDM via
loop contributions. For instance, the branching ratio of B0q → `+`− can be written by
B(B0q → `+`−) = B(B0q → `+`−)SM
(|P |2 + |S|2) , (3.5)
B(B0q → `+`−)SM =
τB0qG
4
Fm
4
W
8pi5
∣∣VtbV ∗tq CSM10 ∣∣2 f2B0qm2`mB0q
√√√√1− 4m2`
m2
B0q
, (3.6)
with
P =
C10
CSM10
+
m2B0q
2m2W
(
mb
mb +mq
) CP
CSM10
, S =
√√√√1− 4m2`
m2
B0q
m2B0q
2m2W
(
mb
mb +mq
) CS
CSM10
, (3.7)
where the Wilson coefficients C10, CP , and CS show the contributions from the effective
operators O10 = (b¯γµPLs)(¯`γµγ5`), OS = m`mbm2W (b¯PRs)(
¯`` ), and OP = m`mbm2W (b¯PRs)(
¯`γ5`),
respectively. Since the branching ratio is quite small, the effect of neutral meson mixing is
not negligible. To involve such an effect, the averaged time-integrated branching ratio is
defined [39–41] as
B(B0q → `+`−) = B(B0q → `+`−)SM
[
|P |2 +
(
1−∆Γq τLB0q
)
|S|2
]
, (3.8)
B(B0q → `+`−)SM =
τHB0q
τB0q
B(B0q → `+`−)SM , (3.9)
where τ
H(L)
B0q
is the life time corresponding to the heavier (lighter) eigenstate of B0q , and
∆Γq is the decay width difference. This is the actual observable which can be compared
with experimental data. A brief review of this observable is shown in Appendix B.1.
The coefficient CSM10 includes the dominant SM contribution from O10. At the leading
order, it is evaluated as CSM-LO10 = −xt8 [xt−4xt−1 + 3xt(xt−1)2 lnxt], where we define xq as
xq =
m2q
m2W
. (3.10)
From recent studies in Refs. [12–14] evaluating CSM10 up to the NNLO QCD and NLO EW
corrections, we obtain the following fit formula:
CSM10 = −0.9380
(
Mt
173.1 GeV
)1.53(αs(mZ)
0.1184
)−0.09
, (3.11)
where αs(mZ) is the QCD running coupling at the mZ scale and Mt shows the pole mass
of the top quark. In our analysis, we use (3.11) as the SM prediction. The scalar and
pseudo-scalar type effects in CS and CP are suppressed in the SM.
The explicit one-loop order calculation for B0q → `+`− in the aligned 2HDM has
been done in Ref. [15]. The similar calculation in the Z2 symmetric 2HDMs is also given
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in Ref. [16]. In the 2HDM, the charged Higgs boson contributes to C10 via Z-penguin
diagrams. It is described as
C10 = CSM10 + (ξAu )2
x2t
8
[
1
xH+ − xt
+
xH+
(xH+ − xt)2
(lnxt − lnxH+)
]
. (3.12)
The neutral Higgs bosons give contributions in CS and CP . The contributions are divided
by two parts such as
CS,P = CcS,P + CnS,P . (3.13)
The first terms CcS and CcP come from box diagrams in the Unitary gauge (box, Z-penguin,
and Goldstone-penguin diagrams in the Feynman gauge) and are given by
CcS = Cc, SMS +
xt
8(xH+ − xt)
{
2ξAd ξ
A
`
[
1
xH+ − 1
lnxH+ −
1
xt − 1 lnxt
]
+ ξAu ξ
A
`
[
1
xH+ − 1
+
xH+
(xH+ − xt)(xt − 1)
lnxt − xH+(2xH+ − xt − 1)
(xH+ − xt)(xH+ − 1)2
lnxH+
]
− ξA` ξAu
[
xt − xH+
(xH+ − 1)(xt − 1)
+
xt
(xt − 1)2 lnxt −
xH+
(xH+ − 1)2
lnxH+
]}
, (3.14)
CcP = Cc, SMP −
xt
8(xH+ − xt)
{
2ξAd ξ
A
`
[
1
xH+ − 1
lnxH+ −
1
xt − 1 lnxt
]
+ ξAu ξ
A
`
[
1
xH+ − 1
+
xH+
(xH+ − xt)(xt − 1)
lnxt − xH+(2xH+ − xt − 1)
(xH+ − xt)(xH+ − 1)2
lnxH+
]
+ ξA` ξ
A
u
[
xt − xH+
(xH+ − 1)(xt − 1)
+
xt
(xt − 1)2 lnxt −
xH+
(xH+ − 1)2
lnxH+
]}
+
xt
4(xH+ − xt)2
{
− ξAd ξAu
[
−xt + xH+
2
+
xtxH+
xH+ − xt
ln
xH+
xt
]
+
(ξAu )
2
6(xH+ − xt)
[
x2H+ − 8xH+xt − 17x2t
6
+
x2t (3xH+ + xt)
xH+ − xt
ln
xH+
xt
]}
+ s2W
xt
6(xH+ − xt)2
{
− ξAd ξAu
[
5xt − 3xH+
2
+
xH+(2xH+ − 3xt)
xH+ − xt
ln
xH+
xt
]
+
(ξAu )
2
6(xH+ − xt)
[
4x3H+−12x2H+xt+xH+x2t +3x3t
xH+ − xt
ln
xH+
xt
− 17x
2
H+−64xH+xt+71x2t
6
]}
+ c2W (ξ
A
u )
2 x
2
t
4(xH+ − xt)2
[
xH+ ln
xH+
xt
+ xt − xH+
]
, (3.15)
where Cc, SMS,P show the SM contributions that are given in Appendix B.1. The second terms
CnS and CnP indicate the contribution from scalar boson exchange diagrams. They can be
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expressed as
CnS =xt
[
F0 + ξ
A
`
(
ξAd F1 + ξ
A
u F2
)
+ ξA` ξ
A
u F3
]
+
xt
2xh
(
sα−β + cα−β ξA`
) [
sα−β G1(ξAu , ξ
A
d , xH+ , xt) + cα−β G2(ξ
A
u , ξ
A
d , xH+ , xt)
]
+
xt
2xH
(
cα−β − sα−β ξA`
) [
cα−β G1(ξAu , ξ
A
d , xH+ , xt)− sα−β G2(ξAu , ξAd , xH+ , xt)
]
,
(3.16)
CnP = xt
[
− ξA`
(
ξAd F1 + ξ
A
u F2
)
+ ξA` ξ
A
u F3
]
+
xt
2xA
ξA` G3(ξ
A
u , ξ
A
d , xH+ , xt) , (3.17)
where cθ = cos θ, sθ = sin θ, and Fi ≡ Fi(xt, xH+) are functions in terms of xt and xH+ .
The analytic expressions for Gi and Fi are given in Appendix B.1. Note that the effects
from CP and CS on the branching ratio is suppressed by the factor m2B0q/m
2
W ∼ 0.004 as
seen in (3.7). In the Z2 symmetric model, however, CP,S can be enhanced for large tanβ,
relative to C10. In the aligned model, we can obtain dominant constraints on ζd and ζ`
from this observable. Further details for this analytic formula are found in Appendix B.1.
The dominant uncertainties for this process are the decay constant fB0q and the product of
CKM matrix elements VtbV
∗
tq as well as the M → `ν case.
The formulae for D0 → `+`− and KL → `+`− are easily given by replacing masses and
CKM components as appropriate. In these two cases, however, there exist non-negligible
long distance contributions and thus we must concern that effect in addition to the short
distance contributions given above. Then they are less significant to constrain the 2HDMs.
3.3 Neutral meson mixing
The 2HDM gives additional contributions to neutral meson mixings and affects measure-
ments of the CKM matrix elements from mixing observables. For the B0q -B¯
0
q mixing, the
mass difference between two CP eigenstates of B0q and B¯
0
q defined as
∆Mq = 2
∣∣〈B0q |H∆B=2|B¯0q 〉∣∣ , (3.18)
is used to determine the parameters in the CKM matrix in the case of the SM, since this is
less sensitive to a long distance effect. In the 2HDM, the exchanges of the charged Higgs
boson in the box diagrams contribute to ∆Mq [42, 43]. A complete one-loop calculation
without neglecting the term proportional to xb is given in Ref. [20]. We express the analytic
formula as
∆Mq =
G2Fm
2
WmBq
24pi2
|VtqV ∗tb|2f2Bq
[
BˆBqηBq CV + BˆSTBq ηSTBq CST
]
, (3.19)
where CV comes from the effective operator OV LL = s¯αγµ(1 − γ5)bαs¯βγµ(1 − γ5)bβ; CST
shows the combined contribution from OSRR = s¯α(1 + γ5)bαs¯β(1 + γ5)bβ and OTRR =
s¯ασµν(1 + γ5)b
αs¯βσµν(1 + γ5)b
β; BˆBq (Bˆ
ST
Bq
) is the bag parameter for OV LL (OSRR and
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OTRR); and η(ST )Bq involves a running effect of the QCD correction from the matching scale
of CV (ST ) to the low energy scale. The Wilson coefficients are then written by
CV = xt
(
AWW (xt) + 2xtAWH(xt, xb) + xtAHH(xt, xb)
)
, (3.20)
CST = 4xb x2t
(
ASTWH(xt) +A
ST
HH(xt)
)
, (3.21)
where AWW (xt) contains the SM contribution and the others AV V ′ are from the charged
Higgs boson. The explicit forms are given in Appendix B.2. Note that there exist SM
contributions in CST , which is usually neglected due to a large suppression by xb. In the
2HDM, the term proportional to xb can be enhanced by additional factors such as ξ
A
u and
ξAd . The formulae of A
ST
WH and A
ST
HH , as given in (B.39) and (B.40), have been obtained in
Ref. [20] by taking nonzero external momenta into account and thus they are different from
those given in Ref. [43]. We independently obtained the same result for (B.39) and (B.40).
In addition, we found the xb terms in AWH and AHH as shown in (B.37) and (B.38). We
stress that they are new contributions which are not described in Ref. [20].
As for the K0-K¯0 mixing, the mass difference ∆MK is not a good observable due to a
non-negligible long distance effect. Instead, the  parameter which is defined as
K ≡ 1√
∆M2K + ∆Γ
2
K/4
Im
(〈K0|H∆K=2|K¯0〉) , (3.22)
is the measurement of the CP violation in the K0-K¯0 system. In the 2HDM, the analytic
formula can be written[43] as
K =
G2Fm
2
WmK
48
√
2pi2∆MK
f2KBˆK
×
{
ηtt (VtsV
∗
td)
2 xt
[
AWW (xt) + 2xtAWH(xt, 0) + xtAHH(xt, 0)
]
+ ηcc (VcsV
∗
cd)
2 xc
[
AWW (xc) + 2xcAWH(xc, 0) + xcAHH(xc, 0)
]
+ 2ηct (VcsV
∗
cdVtsV
∗
td)xtxc
[
BWW (xt, xc) + 6BWH(xt, xc) +BHH(xt, xc)
]}
,
(3.23)
where AV V ′ are the same forms with those for ∆Mq, BV V ′ are additional functions ex-
pressed in Appendix B, and ηqq′ indicates the QCD corrections for each pair of the internal
quarks. In this formula, xs = 0 is assumed and thus there is no contribution from the
SRR and TRR operators2. Note that we use the relation ∆ΓK ' 2∆MK in (3.23) and the
experimental data of ∆MK as the input value in our numerical analysis.
For K and ∆Mq, the uncertainty from the bag parameter Bˆ
(ST )
M is taken into account
as well as the decay constant and the CKM matrix element. Later we show and summarize
2 It is often stated that the matrix element for the scalar type operator can give a larger contribution
than that for the SM vector operator due to a chiral enhancement. But, the loop diagram for the coefficient
of the matrix element provides the suppression by xs in the 2HDM and then in total the contribution from
the scalar sector is suppressed by ∼ m2K/m2W .
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the detail of input parameters. As for the QCD corrections in the V LL operator, we use
the following values[44],
ηBd = ηBs = 0.551 , ηcc = 1.380 , ηct = 0.470 , ηtt = 0.574 . (3.24)
The QCD correction of ηBq from the extra Higgs bosons has been obtained in Ref. [45]. In
our study, we simply neglect that effect. Practical input values of the bag parameter and
QCD correction BˆSTBq η
ST
Bq
in the SRR and TRR operators are shown in Sec. 5.
In the D0-D¯0 mixing, there is no feasible observable in which a long distance effect
is sufficiently suppressed. In principle, we can give a constraint in the D0-D¯0 mixing by
taking such an unknown effect as one of uncertainties. This strategy can be applied to
other observables such as ′K , ∆MK and so on, but in this paper we do not consider such
a case.
3.4 B¯ → Xqγ
Inclusive radiative decays of B meson, B¯ → Xqγ, are one of the most interesting FCNC
processes, and hence they have been precisely evaluated to bound on several new physics
models. Since the hadron transition occurs in this process, perturbative QCD corrections
are much important and non-perturbative effects must be concerned as well. According to
the recent summary that collects all the available and relevant contributions presented in
Refs. [17, 18], the SM predicts
B(b→ sγ)Eγ>E0 = (3.36± 0.23)× 10−4 , (3.25)
B(b→ dγ)Eγ>E0 = (1.73+0.12−0.22)× 10−5 , (3.26)
for E0 = 1.6 GeV, where E0 indicates the photon cutoff energy and B(b → qγ) is the
CP- and isospin-averaged branching ratio of B¯ → Xqγ. For the evaluation of (3.25),
perturbative QCD corrections up to the NNLO[46–50] and calculable long-distance effects,
(see Ref. [18] and its references for more detail), are taken into account. The uncertainty
in (3.25) comes from non-perturbative part (±5%), input parameters (±2%), and others
(∼±4%). The product of the CKM matrix elements, defined as
rV =
∣∣∣∣V ∗tsVtbVcb
∣∣∣∣2 , (3.27)
is contained in the input parameters. In Refs. [17, 18], the latest result of the CKM fit in
Ref. [51] are applied. To separate the CKM product from the observable, we employ the
following expression for the SM prediction:
B(b→ sγ)SM =
[
3.36
(
rV
0.9626
)
±
√
0.232 + δr2V
]
× 10−4 , (3.28)
where δrV denotes the uncertainty derived from rV . We note that δrV obtained from
Ref. [51] is negligible. Differently from the other observables in the present paper, we
utilize the uncertainty already evaluated by the other well-sophisticated study as shown
above.
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The contribution from the charged Higgs boson is provided through the effective oper-
ators O7 = e16pi2mb(s¯LσµνbR)Fµν and O8 = gs16pi2mb(s¯LσµνtabR)Gaµν in the 2HDM3. The LO
correction is gained by one loop EW and QCD penguin diagrams and the NLO correction is
calculated as in Refs. [52–56]. To incorporate these effects, we obtain the useful numerical
formula in terms of the Wilson coefficients at the scale µt = 160 GeV as follows,
B(b→ sγ)Eγ>E0=1.6 GeV = B(b→ sγ)SM + δB(b→ sγ) (3.29)
δB(b→ sγ) = 10−4 ×
(
rV
0.9626
)
Re
[
− 8.100 CLO7 − 2.509 CLO8 + 2.767 CLO7 CLO∗8
+ 5.348
∣∣CLO7 ∣∣2 + 0.890 ∣∣CLO8 ∣∣2 − 0.085 CNLO7 − 0.025 CNLO8 (3.30)
+ 0.095 CLO7 CNLO*7 + 0.008 CLO8 CNLO*8 + 0.028
(
CLO7 CNLO*8 + CNLO7 CLO*8
)]
,
where CLO (NLO)i show the new physics contributions from Oi for i = 7, 8 at the LO (NLO)
part. The SM contributions are separated in advance. This numerical formula is estimated
based on Refs. [57–59] and we confirmed that the CLO7 term, which is the most dominant,
is consistent with Ref. [17]. The explicit form of the coefficients CLOi and CNLOi is given by
CLOi =
(ξAu )
2
3
Gi1(y
t
H+) + ξ
A
d ξ
A
u G
i
2(y
t
H+) , (3.31)
CNLOi = (ξAu )2Ci1(ytH+)+ξAd ξAu Ci2(ytH+)+
(
(ξAu )
2Di1(y
t
H+)+ξ
A
d ξ
A
uD
i
2(y
t
H+)
)
ln
µ2t
m2
H+
, (3.32)
for i = 7, 8 and µt = 160 GeV, with respect to the mass ratio,
yfφ =
m2f
m2φ
. (3.33)
The loop functions Gia, C
i
a, and D
i
a are described as in Appendix B.3. The NNLO QCD
correction to this process has been studied in Ref. [19]. Within the present status on
the uncertainties in the experimental result and the theoretical prediction, ignoring such
a correction does not much change our result. As for B(b → dγ), the uncertainty in the
prediction is still large and thus not of importance in limiting the 2HDM yet.
3.5 Anomalies
In this subsection we focus on formulae of observables in which discrepancies between the
SM prediction and the experimental result have been reported, categorized as (c). The
current status on the discrepancies are summarized in Sec. 5.
3 There exists the NLO correction to the effective operator (s¯Lγµt
abR)
∑
q(q¯γ
µtaq). The analytical
formula for this is given in Ref. [52]. In the present analysis, we simply neglect this contribution.
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3.5.1 B¯ → D(∗)τ ν¯
Semi-tauonic B meson decays B¯ → D(∗)τ ν¯ are sensitive to the effect of the charged Higgs
boson since its contribution is proportional to ξAd ξ
A
` mbmτ/m
2
H+ and ξ
A
u ξ
A
` mcmτ/m
2
H+ at
the tree level[60, 61]. The results from the Belle, BaBar, and LHCb collaborations are
nowadays available despite that it is difficult to identify the tau in these processes. Useful
observables of these decays are given by
R(D(∗)) ≡ B(B¯ → D
(∗)τ−ν¯τ )
B(B¯ → D(∗)`−ν¯`)
, (3.34)
in which we can reduce uncertainties coming from input parameters. The SM predicts
precise values of R(D(∗)) with the help of the heavy quark effective theory to evaluate form
factors[62, 63]. The effect on R(D(∗)) in the context of the 2HDMs has been calculated
as seen in Ref. [64–68]. Based on our previous study in Ref. [69], we give the numerical
formulae of the branching ratios for the 2HDMs as follows. For the branching ratios of the
light-leptonic modes,
B(B¯ → D`ν¯) = τB¯G2F |Vcb|2V1(1)2 × 10−2
[
ΓD`1 + Γ
D`
2 ρ
2
1 + Γ
D`
3 ρ
4
1
]
, (3.35)
B(B¯ → D∗`ν¯) = τB¯G2F |Vcb|2A1(1)2 × 10−2
[
ΓD
∗`
1 + Γ
D∗`
2 ρ
2
A1 + Γ
D∗`
3 ρ
4
A1
]
, (3.36)
where ρ21, ρ
2
A1
, R1, and R2 are the form factor parameters fitted by energy distributions;
V1(1) and A1(1) are overall normalizations of the form factors; and Γ
D(∗)`
i are the coeffi-
cients of polynomial expansion with respect to ρ21 (ρ
2
A1
). The explicit forms are given in
Appendix B.4. In this formula, we neglect the charged Higgs contribution to B(B¯ → D`ν¯)
and B(B¯ → D∗`ν¯) since it is suppressed by the factor, mqm`/m2H+ . In the muonic mode,
the contribution can be potentially a few % and it can affect the determination of |Vcb|. We
will discuss it in the next section. In the 2HDM, the numerical formulae for B(B¯ → D(∗)τ ν¯)
are written as
B(B¯ → Dτν¯) = τB¯G2F |Vcb|2V1(1)2 × 10−2
[
ΓDτ1 + Γ
Dτ
2 ρ
2
1 + Γ
Dτ
3 ρ
4
1
+ (ΓDτ4 + Γ
Dτ
5 ρ
2
1 + Γ
Dτ
6 ρ
4
1)
(
3.45 GeV
mb −mc
)
Re(CS1 + CS2)
+ (ΓDτ7 + Γ
Dτ
8 ρ
2
1 + Γ
Dτ
9 ρ
4
1)
(
3.45 GeV
mb −mc
)2
|CS1 + CS2 |2
]
, (3.37)
B(B¯ → D∗τ ν¯) = τB¯G2F |Vcb|2A1(1)2 × 10−2
[
ΓD
∗τ
1 + Γ
D∗τ
2 ρ
2
A1 + Γ
D∗τ
3 ρ
4
A1
+ (ΓD
∗τ
4 + Γ
D∗τ
5 ρ
2
A1 + Γ
D∗τ
6 ρ
4
A1)
(
6.2 GeV
mb +mc
)
Re(CS1 − CS2)
+ (ΓD
∗τ
7 + Γ
D∗τ
8 ρ
2
A1 + Γ
D∗τ
9 ρ
4
A1)
(
6.2 GeV
mb +mc
)2
|CS1 − CS2 |2
]
, (3.38)
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where the charged Higgs contributions included in CS1 and CS2 are written as
CS1 = −ξAd ξA`
mbmτ
m2
H+
, CS2 = −ξAu ξA`
mcmτ
m2
H+
. (3.39)
As seen in the formulae, the overall normalizations V1(1), A1(1) and the CKM matrix
element |Vcb| are irrelevant to R(D(∗)). Later we show the fitted result for the input
parameters.
3.5.2 Muon anomalous magnetic moment
The muon anomalous magnetic moment aµ provides a sensitive test of quantum loop effects
in the electroweak sector. The SM contributions are evaluated as in Refs. [70–72] including
several higher oder corrections[73–76]. Recent studies for higher order corrections are
also obtained in Refs. [77–80]. A discrepancy between the experimental result reported
in Ref. [81] and the SM prediction, aexp.µ − aSMµ , can be compared with a new physics
contribution.
In the 2HDM, the complete one-loop diagrams and the Barr-Zee type two-loop dia-
grams can be significant. The analytic formula for the one-loop diagrams is given[82–84]
by
a1loopµ =
GFm
2
µ
4
√
2pi2
∑
φ=h,H,A,H±
(ξφ` )
2 yµφ Fφ(y
µ
φ) , (3.40)
where yfφ is defined in (3.33) and the loop functions Fφ are calculated as
Fh(a) = FH(a) =
∫ 1
0
dz
z2(2− z)
1− z + az2 ' −
7
6
− ln a−
(
13
4
+ 3 ln a
)
a+O(a2) , (3.41)
FA(a) =
∫ 1
0
dz
−z3
1− z + az2 '
11
6
+ ln a+
(
89
12
+ 5 ln a
)
a+O(a2) , (3.42)
FH±(a) =
∫ 1
0
dz
−z(1− z)
1− (1− z)a ' −
1
6
− a
12
+O(a2) . (3.43)
The result for the Barr-Zee type two-loop diagrams is given[73, 85–88] by4
a2loopµ =
GFm
2
µ
4
√
2pi2
α
pi
∑
φ=h,H,A
∑
f
N cf Q
2
f ξ
φ
` ξ
φ
f y
f
φ Gφ(y
f
φ) , (3.44)
where the index f represents the fermion in the loop, Qf and N
c
f are the electric charge
and color degrees of freedom of f . The functions Gφ are obtained by
Gφ(a) =
∫ 1
0
dz
g˜φ(z)
z(1− z)− a ln
z(1− z)
a
, (3.45)
g˜h(z) = g˜H(z) = 2z(1− z)− 1 , g˜A(z) = 1 . (3.46)
4 In the recent work of Ref. [89], new Barr-Zee type two-loop diagrams are calculated. It is stated
that the contribution to aµ can be drastically changed. However, our conclusion we will show later is not
affected, although the values of the parameters are changed.
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In the SM prediction, the contribution from the SM Higgs boson is already taken and thus
we must care about this part when considering the 2HDM. Substituting the corresponding
contribution, the 2HDM contribution which can be compared to aexp.µ − aSMµ is represented
as
∆a2HDMµ = a
1loop
µ + a
2loop
µ − aSM Higgsµ , (3.47)
aSM Higgsµ = −1.4× 10−11 , (3.48)
where the value in (3.48) is evaluated by fixing ξhf = 1 and mh = 126 GeV in the formulae
relevant for φ = h.
4 Determination of CKM in the 2HDM
As stressed in the previous section, it is necessary to concern the effect of the extra Higgs
bosons when we determine the CKM matrix elements by fitting to experimental data, in
the 2HDM. This is expected to be more crucial for the future flavor experiments at the
SuperKEKB/Belle II [90]. The global fit of the CKM matrix elements, together with the
parameters of the 2HDM, to all the relevant experimental data is one of the approaches
for the analysis[8]. In this paper, we employ a more visualized approach as follows. For
the re-fit of the CKM matrix elements, we use the Wolfenstein parametrization which is
defined as
VCKM =
 1− λ2/2 λ Aλ3(ρ− iη)−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
 , (4.1)
where we neglect O(λ4) ∼ O(0.001). Then, we obtain fitted values of λ, A, ρ, and η by
using observables in which contributions from the extra Higgs bosons are negligible. As for
rV needed in the evaluation for B¯ → Xsγ, we take rV ' 1− λ2(1− 2ρ).
4.1 λ and A
The most precise value of the Cabibbo mixing parameter λ is provided from the determi-
nation of |Vud| by the super allowed (0+ → 0+) nuclear beta decays. The experimental
result |Vud| = 0.97425 (22) [91] implies λ = 0.2269 ± 0.0010. In the SM, λ is also deter-
mined from leptonic K decays such as K → (pi)`ν and τ → Kν for ` = e, µ. Among
them, K → eν is usable to determine λ in the 2HDM, since the effect of the extra Higgs
bosons is safely negligible and its experimental data is available separately from the muonic
mode. The experimental result B(K → eν) = (1.581± 0.008)× 10−5 [92] is translated into
λ = 0.2221± 0.0014, where the decay constant of K we used is listed in Table 3. Therefore
the combined result is given as
λ = 0.2253± 0.0008 , (4.2)
and we use this value for the following analysis in this paper.
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The parameter A is included in Vub, Vcb, Vtd, and Vts, and usually obtained from the
determination of |Vcb|. It is, however, known that the values of |Vcb| obtained from inclusive
(B¯ → Xc`ν¯) and exclusive (B¯ → D(∗)`ν¯) decay modes are not in good agreement [92, 93].
In the 2HDM, although the charged Higgs boson affects the muonic modes (` = µ), it is
hard to compensate this discrepancy. In the present paper, we simply obtain a combined
value of |Vcb| considering the charged Higgs effect. For the determination from B¯ → Xc`ν¯,
a combined fit to moments of several variables (a hadronic-mass, a lepton-energy spectrum,
and a photon-energy spectrum) are required. Calculating the charged Higgs effect on its
distribution is beyond the scope of this paper. Instead, we roughly estimate such an effect
by using the expression defined as
|Vcb|obs. = |Vcb|
√
1 + C δH +O(|δH |2) , (4.3)
δH = −ξAd ξA`
mbmµ
m2
H+
, (4.4)
where δH indicates the contribution of the charged Higgs boson to the muonic decay mode
and |Vcb|obs. is the experimental result of the fit by assuming the SM. The coefficient C
stems from the difference of the effective operator between the SM and the charged Higgs
contributions. Considering the quark level process, which is the leading order contribution
involved in B¯ → Xc`ν¯, we obtain C ' 0.05 for ` = µ. Then we find that the correction
from C δH is less than 1% for mH+ > 150 GeV and ξ
A
d = ξ
A
` = tanβ < 100 in the type II
and aligned models as shown in Fig 1. As for the other types, it is completely negligible.
The similar estimation can be done for B¯ → D(∗)`ν¯. In these exclusive processes, we
obtain C ' 0.15 (0.017) with use of the formula for B¯ → D(∗)τ ν¯ replacing mτ with m`
in Ref. [69]. In Fig 1, the correction to the measurement of |Vcb| is shown in the type II
model. We can see that the charged Higgs effects in B¯ → Dµν¯ are more important than
that in the inclusive process but, in any case, for mH+ & 300 GeV they are not sizable. As
for the combined experimental value of |Vcb|, we refer to the latest determination by the
CKMfitter [51] (not the result from the global fit in this reference). To conclude, we take
A = 0.808± 0.017 , (4.5)
in the case of the type I, X, and Y models. We add an additional uncertainty to (4.5) in
accordance with δH in the case of the type II and aligned models.
4.2 ρ and η
The CP phase in the CKM matrix is given by ρ and η. For the actual observables, ρ¯+ iη¯ =
−(VudV ∗ub)/(VcdV ∗cb) is defined and measured by experiments, where it is related as
ρ+ iη =
ρ¯+ iη¯
1−A2λ4(ρ¯+ iη¯)
√
1−A2λ4
1− λ2 = (ρ¯+ iη¯)(1− λ
2/2 + · · · ) . (4.6)
In the SM, ρ¯ and η¯ are fitted by several variables such as K , ∆Md, ∆Ms, |Vub|, and the
angles of unitarity triangle, defined as
α ≡ φ2 = arg
(
− VtdV
∗
tb
VudV
∗
ub
)
, β ≡ φ1 = arg
(
−VcdV
∗
cb
VtdV
∗
tb
)
, γ ≡ φ3 = arg
(
−VudV
∗
ub
VcdV
∗
cb
)
. (4.7)
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Figure 1. Corrections to the measurement of |Vcb| caused by the charged Higgs contribution
CδH on the plane of (mH+ , tanβ) in the type II model. The green dotted, black solid, and yellow
dashed lines are the results for C = 0.017, 0.05, and 0.15 corresponding to B¯ → D∗µν¯, b → cµν,
and B¯ → Dµν¯, respectively.
In the 2HDM, we note that measuring these angles is not affected by the extra Higgs bosons
as long as ξAf is real, whereas the others are potentially harmed. Thus we use only the
unitary triangle to determine ρ¯ and η¯. The latest world averages of the angles are provided
in Ref. [51] and then related as
sin 2φ1 =
2η¯(1− ρ¯)
(1− ρ¯)2 + η¯2 = 0.682± 0.019 , (4.8)
φ2 =
1
2
arcsin
[ −2η(ρ¯(1− ρ¯)− η¯2)
(ρ¯2 + η¯2)((1− ρ¯)2 + η¯2)
]
= (87.7± 3.4)◦ , (4.9)
φ3 =
1
2
arcsin
[
2ρ¯η¯
ρ¯2 + η¯2
]
= (73.2± 6.7)◦ . (4.10)
The fitted values from (4.8)–(4.10) are obtained as
ρ¯ = 0.118± 0.016 , η¯ = 0.347± 0.010 , correlation = −0.22 , (4.11)
and we show the (ρ¯, η¯) plot for the fit in Fig. 2.
We note that the SM global fit reported in Ref. [51] results in A = 0.810+0.018−0.024, λ =
0.22548+0.00068−0.00034, ρ¯ = 0.145
+0.013
−0.007, and η¯ = 0.343
+0.011
−0.012. Thus we can see that there is no
significant difference in our determination of the CKM matrix elements.
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Figure 2. Allowed regions on the (ρ¯, η¯) plane obtained from the measurements of α = φ2 (yellow),
β = φ1 (blue), and γ = φ3 (green). The red region indicates the combined result from these three
measurements. The right panel is zoomed version of the left panel.
5 Constraint
Here we give current constraints on the Z2 symmetric and aligned types of the 2HDM with
use of B(B → τν), B(D → µν), B(Ds → τν), B(Ds → µν), B(K → µν)/B(pi → µν),
B(τ → Kν)/B(τ → piν), B(B0s → µ+µ−), B(B0d → µ+µ−), B(b → sγ)Eγ>1.6 GeV, ∆Ms,
∆Md, and |K |. The way to evaluate uncertainties and exclusion confidence levels (CLs) for
the above observables is shown in Appendix A. To begin with, we exhibit input required to
evaluate the observables and the experimental results. After that, we obtain the constraints
and comment on them. We also discuss the anomalies of R(D(∗)) and aµ in the context of
the 2HDMs with the natural flavor conservation.
5.1 Input and experimental data
We apply our fit result for the Wolfenstein parametrization to the CKM matrix elements.
Obtained from the previous section, we can express the result as
VCKM =

0.97462± 0.00018 0.22530± 0.00080 (0.00107± 0.00014)−i (0.00315± 0.00012)
−0.22530± 0.00080 0.97462± 0.00018 0.04101± 0.00091
(0.00816± 0.00024)−i (0.00315± 0.00012) −0.04101± 0.00091 1
 . (5.1)
The lattice studies for the meson decay constants and the bag parameters are summarized
in Ref. [21], and the recent updates for fD, fDs , and fK/fpi are available in Ref. [94].
The EM corrections of B(K → µν)/B(pi → µν) and B(τ → Kν)/B(τ → piν) are given in
Refs. [95, 96]. The values are listed in Table 3. As for the parameter BˆSTBq η
ST
Bq
in (3.19),
the scale dependent expression defined as
BˆSTBq η
ST
Bq ≡ B(q)3 (µb) η21(µb)−B(q)2 (µb)
(
5
8
η11(µb) +
5
2
η21(µb)
)
, (5.2)
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Decay constant Value
fB (190.5± 4.2) MeV [21]
fBs (227.7± 4.5) MeV [21]
fD (212.6± 1.2) MeV [94]
fDs (249.0± 1.3)MeV [94]
fK (156.3± 0.9) MeV [21]
fK/pi 1.1956± 0.0024 [94]
Bag parameter Value
BˆBd 1.27± 0.10 [21]
BˆBs 1.33± 0.06 [21]
BˆK 0.7661± 0.0099 [21]
EM correction Value
δ
K/pi
EM −0.0070± 0.0018 [95]
δ
K/pi, τ
EM 0.0003± 0.0044 [96]
Quark mass Value [92]
mu(2 GeV) (2.3± 0.6) MeV
md(2 GeV) (4.8± 0.4) MeV
ms(2 GeV) (95± 5) MeV
mc(mc) (1.275± 0.025)GeV
mb(mb) (4.18± 0.03) GeV
Mt (174.6± 1.9) GeV
Table 3. Lattice results of the meson decay constants, the bag parameters and the electromagnetic
correction evaluated in Refs. [21, 94–96], and input values of the initial conditions for the evaluation
of the running quark masses [92].
are only evaluated. The bag parameters at the µb = mb scale are given as [97–99]
fBs
√
B
(s)
2 (µb) = (225± 28) MeV , fBs
√
B
(s)
3 (µb) = (231± 38) MeV , (5.3)
fBd
√
B
(d)
2 (µb) = (183± 11) MeV , fBd
√
B
(d)
3 (µb) = (190± 36) MeV , (5.4)
and the QCD corrections are η11(µb) = 1.654 and η21(µb) = −0.007 [100]. Quark masses
that appear in the formulae are the running masses evaluated at the proper scale in the
MS scheme, mq ≡ mq(µ). The matching scale for the Wilson coefficient CX is chosen as
µt = 160 GeV. The low energy scales are set as µB = 5 GeV, µD = 2 GeV, and µK = 1 GeV
for the B(s), D(s), and K mesons, respectively. To evaluate the RGE running of the quark
masses, we utilize the Mathematica package RunDec [101], in which QCD RGEs up to the
four-loop level are implemented. The input values of the initial condition for mq(µ) are
listed in Table 3, where Mt indicates the pole mass of the top quark. For input parameters
obtained from the experimental data of the neutral meson mixings, we refer to the HFAG
summary in Ref. [93],
∆Γs = (0.081± 0.006) ps−1 , ∆MK = 3.484× 10−12 MeV , (5.5)
τHB0s = 1.607 ps , τ
L
B0s
= 1.422 ps , τHB0d
' τLB0d ' τB0d = 1.519 ps , (5.6)
assuming ∆Γd/Γd ' 0 [102], where uncertainties less than 1% are neglected for these
parameters. The other numerical input for our numerical analysis are shown in the Ap-
pendix A. In addition, we summarize the experimental data for the relevant observables in
Table 4, along with the SM contributions which we evaluated with use of the input values
shown above.
5.2 Setup of model parameters
Here, we summarize setup for the parameters of the 2HDMs in our numerical analysis. We
assume the same masses for the extra Higgs bosons, mH = mA = mH+ . This is favored
by the truth that this relation satisfies a theoretical bound from perturbativity [88, 104],
and it is also allowed by the EW precision tests [4]. In this case, constraints on mA given
by the ATLAS and CMS collaborations [105, 106] are notable for the type II model. This
is particularly relevant for the bound from B0q → µ+µ− since the CP-odd Higgs boson
contributes to the process.
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Observable Experimental result SM contribution
B(B → τν) (1.14± 0.22)× 10−4 [93] (0.78± 0.07)× 10−4
B(D → µν) (3.74± 0.17)× 10−4 [92, 93] (3.94± 0.13)× 10−4
B(Ds → τν) (5.55± 0.24)× 10−2 [92, 93] (5.17± 0.11)× 10−2
B(Ds → µν) (5.57± 0.24)× 10−3 [92, 93] (5.28± 0.11)× 10−3
B(K → µν)/B(pi → µν) 0.6357± 0.0011 [92] 0.6231± 0.0071
B(τ → Kν)/B(τ → piν) 0.0646± 0.0009 [92] 0.0655± 0.0008
B(B0s → µ+µ−) (2.8± 0.7)× 10−9 [103] (3.66± 0.28)× 10−9
B(B0d → µ+µ−) (3.9± 1.5)× 10−10 [103] (1.08± 0.13)× 10−10
B(b→ sγ)Eγ>1.6 GeV (3.43± 0.22)× 10−4 [93] (3.36± 0.24)× 10−4
∆Ms (17.757± 0.021)ps−1 [92, 93] (18.257± 1.505)ps−1
∆Md (0.510± 0.003)ps−1 [92, 93] (0.548± 0.075)ps−1
|K | (2.228± 0.011)× 10−3 [92] (1.662± 0.354)× 10−3
Table 4. Experimental results of the observables combined by the PDG and/or HFAG collabo-
rations in Refs. [92, 93]. As for B(B0q → µ+µ−), the combined results from the LHCb and CMS
collaborations are shown as in Ref. [103].
For the mixing angle of h and H, we take the SM-like limit sin(β−α) = 1 in which the
heavier CP-even Higgs boson H can not decay into W+W− and ZZ. This is justified by
current Higgs boson searches at the Large Hadron Collider (LHC). The current combined
fit of sin(β − α) to the LHC results has been studied in Refs. [104, 107, 108].
The case that sin(β − α) is close to, but not exactly, one is interesting for collider
searches. From the viewpoint of flavor physics, B(B0q → µ+µ−) can be affected as varying
sin(β − α). But, the small difference of sin(β − α) from one changes only a few % of
B(B0q → µ+µ−), much smaller than the current experimental and theoretical uncertainties.
For example, one finds 1.5% reduction of B(B0s → µ+µ−) in the type II model for sin(β −
α) = 0.9, tanβ = 30, and mH = mA = mH+ = 500 GeV from the sin(β − α) = 1 case.
Changing sin(β −α) = 1 and mH = mA = mH+ also affect ∆a2HDMµ . Later, we will loosen
these assumption and see the effect.
5.3 Constraint on the Z2 symmetric models
In Fig. 3, we show constraints on the plane of (mH+ , tanβ) at 95% CL from the individual
observables in the type I, II, X, and Y models. These constraints are given by evaluating
χ2 for each observable. Comments on the results for each model are as follows.
Type I:
The region tanβ . 1 is strongly constrained by B(B0s → µ+µ−) and ∆Ms in the type I
model. The other observables also provide the constraints for small tanβ in this type. We
can see that the extra Higgs boson mass is not constrained by the flavor observables in the
large tanβ range.
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Figure 3. Excluded regions in the Z2 symmetric models on the (mH+ , tanβ) plane at 95% CL
individually from the tree level processes B → τν (red), D → µν (green), Ds → τν (blue), Ds → µν
(yellow), K → µν/pi → µν (cyan), τ → Kν/τ → piν (magenta) in the upper panels, and the loop
induced processes B0s → µ+µ− (red), B0d → µ+µ− (magenta), B¯ → Xsγ (yellow), ∆Ms (blue),
∆Md (cyan), |K | (green) in the lower panels. The black line contour in the type II and Y is the
boundary of 95% CL exclusion from B¯ → Xsγ. The dashed horizontal lines are ones for tanβ = 1
and 0.057, corresponding to the top Yukawa coupling to be 1 and 4pi, respectively. The gray region
is the minimal exclusion from LEP searches [109]. The exclusion from τ → µνν is also shown in
the type X [110].
Type II:
In the type II model, the dominant constraint comes from B(B → τν) and B(B0q → µ+µ−)
for large tanβ. The branching ratio B(b→ sγ)Eγ>1.6 GeV gives the lower limit on the mass.
Our result shows that mH+ < 493 GeV is ruled out at 95% CL and close to what was
reported in Ref. [17]. Moreover, mH+ < 408 GeV is excluded at 99% CL. The loop induced
processes such as the neutral meson mixings exclude the region for small tanβ as well as
the type I model.
Type X:
As for the type X model, the processes M → `ν and τ →Mν provide no constraint on the
(mH+ , tanβ) plane from the current data, whereas the loop induced processes exclude the
range for small tanβ as well as for the type I case. Indeed, as the tanβ enhancement can
be seen only in the lepton sector, we can put a constraint for large tanβ region from the
measurement of the Fermi constant GF from τ → µνν [110]. In the figure, we show the
result from τ → µνν, where we obtain the theoretical formula (at the one loop level) and
the experimental data based on Ref. [110]. A similar bound is obtained in the type II model
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Figure 4. Excluded regions on the (mH+ , ζu) plane at 95% CL from ∆Ms (blue), ∆Md (cyan),
and |K | (green) in the aligned model. The excluded regions are obtained as varying ζd = 0, 50,
100, and 500 to see the dependence as denoted in the figure. Note that ζ` is irrelevant for the
neutral meson mixings.
but we have checked that it is smaller than the one from B(B → τν) and B(Ds → τν). To
conclude, the type X model does not have a significant exclusion for the mass.
Type Y:
The type Y model is constrained by B(B0s → µ+µ−) and ∆Ms for small tanβ as is the same
with the other models. The lower mass limit is obtained by B(b→ sγ)Eγ>1.6 GeV, similarly
to the type II model, as mH+ < 493 GeV (408 GeV) at 95% CL (99% CL), because of the
same couplings, ξAu = 1/ tanβ and ξ
A
d = tanβ.
5.4 Constraint on the aligned model
Next, we see constraints on the aligned model. The tree processes M → `ν are insensitive
to the aligned model unless the products of ζuζ` and/or ζdζ` are very large. However, the
large value of ζu is constrained by the neutral meson mixings as shown in Fig. 4. The
results do not much depend on ζd since the term including ζd is proportional to xb in ∆Ms
and ∆Md and there is no dependence in |K |. We can see that the small value of ζu is only
allowed, e.g., |ζu| < 1.5 for mH+ = 1000 GeV and |ζu| < 3.5 for mH+ = 4000 GeV, as has
been pointed out in Ref. [9].
On the other hand, ζd can be limited by B(B0q → µ+µ−) and B(b→ sγ)Eγ>1.6 GeV. In
Fig. 5, we show the constraints on (mH+ , ζd) from these observables as varying ζu and ζ`.
The upper and lower figures are the results for ζ` = ζd and ζ` = 0, respectively. Constraints
in the case of the negative value of ζu are obtained by replacing ζd to −ζd in the vertical
axis of these plots. The parameter ζ` is irrelevant for b → sγ. For ζu = 0 and ζ` 6= 0,
the constraint from B(B → τν) becomes dominant but is insensitive for large mass. There
is (trivially) no significant constraint for ζu = ζ` = 0. We can see that, for ζu 6= 0, the
combination of the constraints from B(B0q → µ+µ−) and B(b → sγ)Eγ>1.6 GeV provides
the lower mass limit. For example, we obtain the exclusions such as mH+ < 1500 GeV
for |ζu| = 2 and mH+ < 3700 GeV for |ζu| = 4 at 95% CL. This is the updated result of
Refs. [9, 15, 111].
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Figure 5. Excluded regions on (mH+ , ζd) at 95% CL from B(b→ sγ)Eγ>1.6GeV, B(B0q → µ+µ−),
and B(B → τν) with varying ζu and ζ`, where the results for ζ` = ζd and ζ` = 0 are shown in the
upper and lower panels, respectively. The yellow, red, magenta, and light red regions are excluded
by B¯ → Xsγ, B0s → µ+µ−, B0d → µ+µ−, and B → τν, respectively.
5.5 Analysis of anomalies
In this subsection, we study the 2HDM effect on aµ and R(D
(∗)), in which the deviations
between the SM predictions and the experimental results have been reported.
The muon anomalous magnetic moment has been measured by the Muon G-2 collabo-
ration as in Ref. [81]. Since this is a high precision test of the EW corrections, higher oder
contributions in the SM are important and have been evaluated. Discrepancies between
the experimental result reported in Ref. [81] and the SM predictions in Refs. [70–72] are
presented as
aexp.µ − aSMµ =

(282± 91)× 10−11 from Ref. [70]
(287± 85)× 10−11 from Ref. [71]
(261± 80)× 10−11 from Ref. [72]
. (5.7)
Even though there has been only one experimental measurement up to now, the deviation
between the SM prediction and the experimental value is around 3σ as shown in (5.7). As
a reference value, we take aexp.µ − aSMµ = (261± 80)× 10−11 from Ref. [72] in the following
study.
Excess of the observables R(D(∗)) in the semi-tauonic B meson decays has been re-
ported by the BaBar, Belle, and LHCb collaborations in Refs. [112–115]. The latest com-
bined result suggests that the deviations from the SM predictions are described as
R(D)exp. −R(D)SM = 0.089± 0.051 , (5.8)
R(D∗)exp. −R(D∗)SM = 0.070± 0.022 , (5.9)
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Figure 6. Allowed region plots on the (mH+ , tanβ) plane from aµ, R(D), and R(D
∗) in the
type II model. The darker (lighter) blue, orange, and green regions are the results for aµ, R(D),
and R(D∗) within 1σ (2σ). The excluded regions from B0s → µ+µ− and B → τν at 95% CL are
shaded with red and yellow dashed boundaries, respectively.
where the discrepancy reaches around 4σ taking experimental correlations into account.
We note that as B¯ → D(∗)τ ν¯ occur at the tree level in the SM, these deviations have an
impact on limiting new physics.
In the 2HDM these three observables are affected by the Yukawa interactions of the
extra Higgs bosons in (2.6). The formulae for aµ and R(D
(∗)) are shown in Sec. 3. As
for the input parameters in R(D(∗)), we use [93] ρ21 = 1.186± 0.054, ρ2A1 = 1.207± 0.026,
R1 = 1.403 ± 0.033, and R2 = 0.854 ± 0.020. One can easily see that the type I and
Y models cannot explain the present anomalies of aµ and R(D
(∗)) at all, since no large
contributions to these processes are available.
The type II model can explain these anomalies individually, however, it is inconsistent
with each other and also contradictory to the other constraints obtained in Sec. 5.3. In
Fig. 6, we exhibit the allowed regions from aµ and R(D
(∗)) along with the excluded regions
from B(B0s → µ+µ−) and B(b→ sγ)Eγ>1.6 GeV as indicated in the legend. We can see that
the small value of mA is required to explain the anomaly in aµ. But, in any case for the
relation among the extra Higgs boson masses, the three anomalies cannot be explained at
the same time, and are not consistent with the present constraints.
The type X is often discussed as one of the solutions for the anomaly in aµ. The recent
studies for the type X model aiming at this anomaly are given in Refs. [88, 110, 116–119].
In the upper panels of Fig. 7, we review the allowed region plot for aµ in the type X model.
With small mA, it can explain the aµ anomaly. According to the study in Ref. [110],
however, the constraint from τ → µνν has turned out to be severe. In the figure, we also
show the 95% CL exclusion dashed line from τ → µνν. As can be seen, the explanation of
the aµ anomaly at the 1σ level is not possible, but that at the 2σ level is accessible in the
type X model. The result for the case of sin(β−α) = 0.9 is also shown with the black lines
and one find it does not change the above conclusion. Remind that the constraints from
the meson observables are negligible. Then, in any case, this model cannot accommodate
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Figure 7. Allowed region plots from the aµ, R(D), and R(D
∗) anomalies in the type X (upper)
and aligned (lower) models are shown with blue, orange, and green colors, as is similar with Fig. 6.
For the alined model, we take ζu = 0 and ζd = 5. For the type X model, we show the allowed
boundary from the aµ anomaly with black thick curves in the case of sin(β − α) = 0.9. In the left
and right panels, MA = 20 GeV and mH = mH+ = 200 GeV are taken, respectively. The excluded
regions from B0s → µ+µ−, B → τν, and τ → µνν at 95% CL are shaded with dashed boundaries
as denoted in the figure.
the excesses in R(D) and R(D∗).
In the aligned model, the parameters ζu, ζd, and ζ` are independent and thus there
is a larger parameter space than that in the Z2 symmetric models. Nevertheless, ζu is
severely limited by ∆Ms and then the constraints on ζd and ζ` come from B(B0s → µ+µ−)
and B(b → sγ)Eγ>1.6 GeV, which are correlated to the value of ζu. They are less bounded
if ζu = 0 as we have seen in Figs. 4 and 5. To see how the aligned model affect aµ and
R(D(∗)), we simply take ζu = 0 for clarity. The possible significant constraint comes from
B(B → τν) in this model as we can see in the leftmost panels of Fig. 5. We surveyed
several parameter set and found that the anomalies in R(D) and aµ can be explained
simultaneously in a specific region, such as ζu = 0, ζd = 5, ζ` ∼ −70, mH = mH+ ∼
200 GeV, and mA = 20 GeV. The results are plotted in the lower panels of Fig. 7. We
can also see that it is hard to accommodate the excess in R(D∗) without any contradiction
to the other constraints. This specific point is not excluded by the other constraints yet,
but close to the excluded region from B(B → τν). We note that the sizable value of ζuζ`
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are required to explain both the excesses in R(D) and R(D∗) simultaneously as studied in
Ref. [69].
6 Summary
We have given the comprehensive study from the observables of pi, K, D(s), and B(s) for
limiting the 2HDMs with the hypothesis of natural flavor conservation, namely, the Z2
symmetric and aligned models. Then we have obtained the significant constraints on the
masses and couplings of the extra Higgs bosons, and shown the possibilities to accommodate
the anomalies in the muon anomalous magnetic moment and the tauonic B meson decays.
We have considered the following flavor observables; B(B → τν), B(D → µν), B(Ds →
τν), B(Ds → µν), B(K → µν)/B(pi → µν), B(τ → Kν)/B(τ → piν), B(B0s → µ+µ−),
B(B0d → µ+µ−), B(b→ sγ)Eγ>1.6 GeV, ∆Ms, ∆Md, and |K |, and collected the formulae of
them, in some of which we have taken the updated calculations into account. In addition,
we have also obtained the updated formula of ∆Mq.
We have re-fitted the CKM matrix elements to the experimental data to which the extra
Higgs bosons do not give large contributions, and evaluated the effect on the determination
of |Vcb|. As a result we have seen no significant difference between the re-fitted values and
the global SM fit values. With the use of the re-fitted CKM matrix elements and the
latest combined experimental results summarized by the PDG and HFAG collaborations,
we have evaluated the excluded regions on the model parameters of the 2HDMs, with
carefully considering the uncertainties from the input parameters. To obtain the results,
we have assumed the same masses among the extra Higgs bosons and the SM-like limit
sin(β−α) = 1, favored by the theoretical bounds, the EW precision tests, and the collider
searches.
As a consequence of our work, in the Z2 symmetric models, it has been found that
B0s → µ+µ− plays a significant role to constraint tanβ as well as the B0s -B¯0s mixing.
The charged Higgs boson mass is constrained by the process B¯ → Xsγ in the type II
and Y models. The updated theoretical evaluation and the experimental result of B(b →
sγ)Eγ>1.6 GeV suggest that mH+ < 493 (408) GeV is excluded at 95% (99%) CL in these
two models. There is no severe constraint on the mass in the type I and X models.
In the aligned model, there are three free parameters in the Yukawa interaction term
of the charged Higgs, ζf for f = u, d, `. The neutral meson mixings constrain ζu and
we have obtained severe bound as |ζu| < 1.5 for mH+ = 1000 GeV and |ζu| < 3.5 for
mH+ = 4000 GeV, which are mostly independent on the other couplings, ζd and ζ`. With
a non-zero value of ζu, the parameters ζd and ζ` are limited by B(b → sγ)Eγ>1.6 GeV and
B(B0s → µ+µ−). For example, |ζd| . 5 is excluded for mH+ = 1000 GeV and ζu = 1. We
have also shown that the combination of these two observables gives the lower mass limit
as mH+ < 1500 GeV for |ζu| = 2 and mH+ < 3700 GeV for |ζu| = 4.
In addition, we have summarized the current status of the anomalies in the muon
anomalous magnetic moment aµ and the tauonic B meson decays R(D
(∗)), in the context
of the 2HDMs. We have shown that the type II model can explain each anomaly, however,
the allowed regions are not only inconsistent with each other but also contradictory to the
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other constraints. The type X model is often considered as one of the good candidates to
accommodate the excess of aµ. We have reconfirmed that this model can solve the excess
of aµ individually, but it is not consistent with the constraint from τ → µνν at the 1σ
level. Note that this model cannot resolve the excesses in R(D(∗)), in any case. We also
surveyed the possibility to explain the anomalies in the aligned model. We have pointed
out that these three anomalies cannot be explained simultaneously, whereas the excesses
of aµ and R(D) can be explained for ζu = 0, ζd = 5, ζ` ∼ −70, mH = mH+ ∼ 200 GeV,
and mA = 20 GeV. This parameter set is allowed by the other flavor constraints yet, but
close to the excluded region from B(B → τν).
We have not considered semi-leptonic meson decays such as B¯ → piτ ν¯, B → (K(∗), φ)µ+µ−,
and others to obtain the constraints. Although form factors in B → pi,K(∗) transitions still
include large uncertainties in fit parameters, these decays can provide constraints on new
physics and will become more significant at the future experiments. The recent studies for
B¯ → piτ ν¯ are given in Ref. [120] and for B → (K(∗), φ)µ+µ− in Refs. [121, 122]. Exclusive
radiative B meson decays are also important, see e.g., Ref. [123].
The bounds obtained in this work are expected to be the last updated status before
starting the future flavor experiments such as the SuperKEKB/Belle II [90] and the LHCb
run II [124]. Future searches at the Belle II and the LHCb run II will improve sensitivities
to the 2HDMs and may reveal the source of the excesses in the semi-tauonic B meson
decays. Future muon g − 2 searches at the J-PARC [125] and the Fermilab [126] will also
change the present situation on the anomaly. The requirement for explaining the excess
of aµ implies the mass of the CP odd Higgs boson should be small. Therefore, collider
signatures from h→ AA→ 4τ, 4b can be important.
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A Evaluation of the uncertainties and input parameters
Here, we explain the way to evaluate the uncertainty in the observable coming from the
one in the input parameters. Suppose the observable is expressed as F (y; {xi}), where
xi is an input parameter measured (or calculated) as xi = x
0
i ± δxi, {xi} shows a set of
parameters for i = 1, 2, · · · , k, and y indicates model parameters. We define the uncertainty
of F (y; {xi}) as
δFth.(y) =
√√√√ k∑
i=1
∣∣∣∣∣ ∂F (y; {xi})∂xi
∣∣∣∣
x0i
δxi
∣∣∣∣∣
2
, (A.1)
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Input Value
αs(mZ) 0.1185
α 1/137
GF 1.16637× 10−5 GeV−2
v =
√
v21 + v
2
2 246 GeV
mh 125 GeV
mW 80.40 GeV
mZ 91.19 GeV
me 0.5101× 10−3 GeV
mµ 0.1057 GeV
mτ 1.7768 GeV
Input Value
mpi± 0.140 GeV
mpi0 0.135 GeV
mK± 0.494 GeV
mKL 0.498 GeV
mD± 1.870 GeV
mD0 1.865 GeV
mDs 1.969 GeV
mB± 5.279 GeV
mB0 5.279 GeV
mBs 5.367 GeV
Input Value
τpi± 2.6033× 10−8 s
τpi0 8.5200× 10−17 s
τK± 1.2380× 10−8 s
τKL 5.116× 10−8 s
τD± 1.040× 10−12 s
τD0 0.410× 10−12 s
τDs 0.500× 10−12 s
τB± 1.638× 10−12 s
τB0 1.519× 10−12 s
τBs 1.512× 10−12 s
Table 5. Input values for fundamental parameters.
and the central value is shown as Fth.(y) = F (y; {x0i }). To obtain excluded and allowed
regions of a parameter space y, we evaluate the χ2 function. In our analysis it is defined as
χ2(y) =
(Fth.(y)− Fexp.)2
δFth.(y)2 + δF 2exp.
, (A.2)
where the experimental result is shown as Fexp. ± δFexp.. The parameters taken as {xi}
in our analysis are listed in Table 3, and (5.3)–(5.5). The other input values used in our
numerical analysis are shown in Table 5.
B Analytic formulae for flavor observables
Here we give the functions of analytic formulae for the flavor observables, which are used
to obtain the constraints in this paper.
B.1 B0q → `+`−
B.1.1 Functions
The analytic formula for the averaged time-integrated branching ratio is given in terms
of the Wilson coefficients C10, CP , and CS . The SM contributions in (3.14) and (3.15) are
written as
Cc, SMS = −
xt(xt − 2)
12(xt − 1)2 +
(xt − 2)(3xt − 1)
24(xt − 1)3 lnxt , (B.1)
Cc, SMP =
1
24
[
xt(36x
3
t − 203x2t + 352xt − 209)
6(xt − 1)3 +
17x4t − 34x3t + 4x2t + 23xt − 6
(xt − 1)4 lnxt
]
− s
2
W
36
[
xt(18x
3
t − 139x2t + 274xt − 129)
2(xt − 1)3 +
24x4t − 33x3t − 45x2t + 50xt − 8
(xt − 1)4 lnxt
]
.
(B.2)
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The functions Gi and Fi written in (3.16) and (3.17) are described as
G1(ξ
A
u , ξ
A
d , xH+ , xt) = −
3
4
+ ξAd ξ
A
u F4 + (ξ
A
u )
2F5 , (B.3)
G2(ξ
A
u , ξ
A
d , xH+ , xt) = ξ
A
d (ξ
A
d ξ
A
u + 1)F6 − ξAd (ξAu )2F7
+ (ξAu )
2(ξAd F8 + ξ
A
u F9 − ξAu F10) + ξAu F11 − ξAu F12 , (B.4)
G3(ξ
A
u , ξ
A
d , xH+ , xt) = ξ
A
d (ξ
A
d ξ
A
u + 1)F6 + ξ
A
d (ξ
A
u )
2F7
+ (ξAu )
2(ξAd F8 + ξ
A
u F9 + ξ
A
u F10) + ξ
A
u F11 + ξ
A
u F12 , (B.5)
F0 =
1
8(xt − 1)2
[
xt − 3
2
− xt(xt − 2)
xt − 1 lnxt
]
, (B.6)
F1 =
1
4(xH+ − xt)
[
xt lnxt
xt − 1 −
xH+ lnxH+
xH+ − 1
]
, (B.7)
F2 =
1
8(xH+ − xt)
[
xH+
xH+ − 1
+
x2t lnxt
(xt − 1)(xH+ − xt)
− xH+(xH+xt + xH+ − 2xt)
(xH+ − 1)2(xH+ − xt)
lnxH+
]
,
(B.8)
F3 =
1
8(xH+ − xt)
[
xH+ − xt
(xH+ − 1)(xt − 1)
+
xt(xt − 2)
(xt − 1)2 lnxt −
xH+(xH+ − 2)
(xH+ − 1)2
lnxH+
]
,
(B.9)
F4 =
xt
xH+ − xt
[
1− xH+
xH+ − xt
ln
xH+
xt
]
, (B.10)
F5 =
xt
2(xH+ − xt)2
[
xH+ + xt
2
− xH+xt
xH+ − xt
ln
xH+
xt
]
, (B.11)
F6 =
1
2(xH+ − xt)
[−xH+ + xt + xH+ lnxH+ − xt lnxt] , (B.12)
F7 =
1
2(xH+ − xt)
[
xt − xH+xt
xH+ − xt
(lnxH+ − lnxt)
]
, (B.13)
F8 =
1
2(xH+ − xt)
[
xH+ −
x2H+ lnxH+
xH+ − xt
+
xt(2xH+ − xt) lnxt
xH+ − xt
]
, (B.14)
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F9 =
1
4(xH+ − xt)2
[
xt (3xH+ − xt)
2
− x
2
H+xt
xH+ − xt
(lnxH+ − lnxt)
]
, (B.15)
F10 =
1
4(xH+ − xt)2
[
xt(xH+ − 3xt)
2
− xH+xt(xH+ − 2xt)
xH+ − xt
(lnxH+ − lnxt)
]
, (B.16)
F11 =
1
2(xH+ − xt)
[
xt
(
x2t − 3xH+xt + 9xH+ − 5xt − 2
)
4(xt − 1)2 +
xH+ (xH+xt − 3xH+ + 2xt)
2(xH+ − 1)(xH+ − xt)
lnxH+
+
x2H+
(−2x3t + 6x2t − 9xt + 2)+ 3xH+x2t (x2t − 2xt + 3)− x2t (2x3t − 3x2t + 3xt + 1)
2(xt − 1)3(xH+ − xt)
lnxt
]
,
(B.17)
F12 =
1
2(xH+ − xt)
[(
x2t + xt − 8
)
(xH+ − xt)
4(xt − 1)2 −
xH+(xH+ + 2)
2(xH+ − 1)
lnxH+
+
xH+
(
x3t − 3x2t + 3xt + 2
)
+ 3 (xt − 2)x2t
2(xt − 1)3 lnxt
]
. (B.18)
The SM Higgs contributions for CnS,P are included in (3.16) and (3.17), which can be
extracted as a SM-like limit. Taking cos(β − α) → 0, sin(β − α) → 1, ξAf → 0, and
mφ →∞ for φ = H+, H,A, the SM-like limit is obtained as
Cn, SMS = −
3xt
8xh
+ xtF0 , Cn, SMP = 0 . (B.19)
B.1.2 Assumptions
In the formulae of CnS,P , we have ignored FCNC contributions induced by a running effect
of the Yukawa interaction term at the low energy scale. In Ref. [15] such contributions in
CnS,P are estimated as
RS = xt
2xH
ζ`(ζu − ζd)(1 + ζuζd)CR(µt) , (B.20)
RP = − xt
2xA
ζ`(ζu − ζd)(1 + ζuζd)CR(µt) , (B.21)
in the SM-like limit, where CR(µt) shows the renormalized coupling of FCNC term in
the Yukawa Lagrangian ((2.15) in Ref. [15]). We can see from (B.20) and (B.21) that
RS,P = 0 in the Z2 symmetric models. This is because that the Z2 symmetry can protect
the alignment condition at any scale. On the other hand, in the aligned model the condition
is guaranteed only at the scale where the model is set and thus the non-zero contribution
can appear at the low energy scale. In this paper, we simply ignore this effect in all types
of 2HDM. We also neglect contributions proportional to light quark mass mq and Higgs
self couplings λ3,7 [15]. As for the Higgs self couplings, we have confirmed that the effect
is negligible.
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B.1.3 Averaged time-integrated branching ratio
The averaged time-integrated branching ratio B(B0q → `+`−) can be understood as follows.
The “untagged” decay rate for P → f is defined and described as
〈Γ(P (t)→ f)〉 ≡ Γ(P 0(t)→ f) + Γ(P¯ 0(t)→ f) (B.22)
= AHe
−ΓH t +ALe−ΓLt (B.23)
= (AH +AL) e
−ΓP t ×
[
cosh
∆ΓP t
2
+Af sinh ∆ΓP t
2
]
, (B.24)
with ΓP = (Γ
L
P + Γ
H
P )/2 = 1/τP , ∆ΓP = Γ
L
P − ΓHP , and Af = (AH − AL)/(AH + AL),
where “H” and “L” denote two mass eigenstates with difference lifetimes, 1/ΓLP and 1/Γ
H
P .
In experiment, a branching ratio is usually extracted from the total event yield. It means
that the lifetime of neutral mesons is nothing to do with the measurement of branching
ratio. Thus, the experimentally measurable branching ratio can be defined as
B(P → f)exp ≡ 1
2
∫ ∞
0
〈Γ(P (t)→ f)〉dt = 1
2
(
AH
ΓHP
+
AL
ΓLP
)
. (B.25)
On the other hand, the theoretical branching ratio is considered as
B(P → f)theo ≡ τP
2
〈Γ(P (t = 0)→ f)〉 = τP
2
(AH +AL) . (B.26)
Therefore, B(P → f)exp is represented as
B(P → f) ≡ B(P → f)exp = 1 +Af yP
1− y2P
B(P → f)theo , (B.27)
where yP = ∆ΓP /(2ΓP ). For B
0
q → `+`−, the SM predicts A`+`− = +1 since there is only
one contribution from O10 to the process. Thus one finds
B(B0q → `+`−)SM =
1
1− yB0q
B(B0q → `+`−)SM =
ΓB0q
ΓH
B0q
B(B0q → `+`−)SM . (B.28)
Hence (3.9) is obtained. If we consider new physics, it is possible to have two different
CP-violating phases, a relative phase difference. This can be described in the amplitude as
A(B¯0q → `+`−) = P + S , A(B0q → `+`−) = −P∗ + S∗ , (B.29)
where P = eiφP |P| and S = eiφS |S| denote the contributions from the effective operators
O10,OP and OS , respectively. The CP asymmetry A`+`− is represented in terms of (B.29)
as
A`+`− ≡
2Re(λ`+`−)
1 + |λ`+`− |2
=
|P|2 cos 2φP − |S|2 cos 2φS
|P|2 + |S|2 , (B.30)
where
λ`+`− ≡
A(B¯0q → `+`−)
A(B0q → `+`−)
=
P + S
−P∗ + S∗ . (B.31)
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Therefore, when we define (the normalization is adjusted as appropriate),
B(B0q → `+`−)NP
B(B0q → `+`−)SM
= |P|2 + |S|2 , (B.32)
we obtain
B(B0q → `+`−)NP = B(B0q → `+`−)NP
1 +A`+`− yB0q
1− y2
B0
(B.33)
= B(B0q → `+`−)SM
[
1 + yB0q cos 2φP
1− y2
B0q
|P|2 +
1− yB0q cos 2φS
1− y2
B0
|S|2
]
(B.34)
= B(B0q → `+`−)SM
[
1 + yB0q cos 2φP
1 + yB0q
|P|2 +
1− yB0q cos 2φS
1 + yB0q
|S|2
]
, (B.35)
where it can be derived with use of (B.27), (B.28), and (B.30). In the 2HDMs of Z2
symmetric types and of aligned type with real ζf , we trivially see φP = φS = 0. In this
case, finally we can derive (3.8) in terms of yB0q = ∆ΓB0q/(2ΓB0q ) = (Γ
L
B0q
−ΓHB0q )/(Γ
L
B0q
+ΓHB0q
).
B.2 Neutral meson mixings
The SM and 2HDM contributions derived from one-loop diagrams are involved in the forms
A
(ST )
V V ′ , which are described as
AWW (xt) = 1 +
9
1− xt −
6
(1− xt)2 −
6x2t lnxt
(1− xt)3 , (B.36)
AWH(xt, xb) = (ξ
A
u )
2
[
4− xt
(xt − 1)(xH+ − xt)
+
(xH+ − 4)xH+ lnxH+
(xH+ − 1)(xH+ − xt)2
+
(3x2t − (x2t − 2xt + 4)xH+) lnxt
(xt − 1)2(xH+ − xt)2
]
+
2xb
xt
[
2ξAd ξ
A
u
(
− 1
(xH+ − xt)(xt − 1)
+
xH+ lnxH+
(xH+ − 1)(xH+ − xt)2
− (−xH+ + x
2
t ) lnxt
(xH+ − xt)2(−1 + xt)2
)
+ (ξAu )
2
(
− 1
36(−1 + xH+)2(xH+ − xt)3(−1 + xt)3
[
− x4H+(−12 + 65xt + 2x2t + 5x3t )
+ 2x3H+(−12 + 47xt + 85x2t − 11x3t + 11x4t ) + x2H+(12 + 91xt − 574x2t + 246x3t − 130x4t − 5x5t )
+ 2xH+xt(−30 + 95xt + 49x2t − 11x3t + 17x4t ) + x2t (−24 + 43xt − 110x2t + 31x3t )
]
− xt((x
3
H+ − 3x2H+xt)(1 + 9xt)− x4t (12− 3xt + x2t ) + 3xH+xt(4− 12xt + 24x2t − 7x3t + x4t )) lnxt
6(xH+ − xt)4(−1 + xt)4
− xtxH+(−3x
3
H+(−3 + xt) + 12xt(1 + xt)− 3xH+xt(13 + xt) + x2H+(1 + 10xt + x2t )) lnxH+
6(−1 + xH+)3(xH+ − xt)4
)]
,
(B.37)
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AHH(xt, xb) = (ξ
A
u )
4
[
xt + xH+
(xt − xH+)2
− 2xtxH+
(xt − xH+)3
ln
xt
xH+
− xb
(
5x2H+ − 22xH+xt + 5x2t
9 (xH+ − xt)4
+
x3H+ − 3x2H+xt − 3xH+x2t + x3t
3 (xH+ − xt)5
ln
xt
xH+
)]
,
(B.38)
ASTWH(xt) = (ξ
A
u )
2
[
(x2t + x
4
H+)(−11 + 7xt − 2x2t ) + xH+xt(7 + 53xt − 55x2t + 19x3t )
9(1− xH+)2(xH+ − xt)3(1− xt)3
+
x2H+(−2− 55xt + 15x2t + 17x3t − 11x4t ) + x3H+(19 + 17xt − 19x2t + 7x3t )
9(1− xH+)2(xH+ − xt)3(1− xt)3
+
2xH+(x
2
H+ + (−3 + xH+)xH+xt + (3 + (xH+ − 3)xH+)x2t ) lnxH+
3(1− xH+)3(xH+ − xt)4
− 2(x
3
H+ − 3x2H+xt + 3xH+x2t − 3x4t + 3x5t − x6t ) lnxt
3(xH+ − xt)4(1− xt)4
]
+ ξAd ξ
A
u
[
(x2H+ + xt)(−3 + xt) + xH+(1 + 6xt − 3x2t )
2(1− xH+)(xH+ − xt)2(1− xt)2
+
(x2H+ − 2xH+xt − (−2 + xt)x3t ) lnxt
(xH+ − xt)3(1− xt)3
− xH+(xH+ − 2xt + xH+xt) lnxH+
(1− xH+)2(xH+ − xt)3
]
,
(B.39)
ASTHH(xt) = (ξ
A
d ξ
A
u )
2
[
2
(xH+ − xt)2
+
xt + xH+
(xH+ − xt)3
ln
xt
xH+
]
+ (ξAu )
4
[
5x2H+ − 22xH+xt + 5x2t
18(xH+ − xt)4
+
x3H+ − 3x2H+xt − 3xH+x2t + x3t
6(xH+ − xt)5
ln
xt
xH+
]
+ ξAd (ξ
A
u )
3
[
2
(xH+ − xt)2
+
xH+ + xt
(xH+ − xt)3
ln
xt
xH+
]
. (B.40)
The formulae of ASTWH and A
ST
HH can be obtained by taking non-zero external momenta into
account. The non-zero external momenta also leads to the xb terms in AWH and AHH ,
which are not described in Ref. [20]. In the K0-K¯0 mixing, additional loop functions BV V ′
are derived due to two non-zero masses of t and c quarks. They are described as
BWW (a, b) = − 3
(a− 1)(b− 1) +
a2 − 8a+ 4
(a− b)(b− 1)2 ln a−
b2 − 8b+ 4
(a− b)(a− 1)2 ln b , (B.41)
BWH(a, b) = (ξ
A
u )
2
[
b2 ln b
(1− b)(b− a)(b− xH+)
+
a2 ln a
(1− a)(a− b)(a− xH+)
+
x2H+ lnxH+
(1− xH+)(xH+ − a)(xH+ − b)
]
, (B.42)
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BHH(a, b) = (ξ
A
u )
4
[
xH+
(a− xH+)(b− xH+)
+
b2 ln b
(b− a)(b− xH+)2
− a
2 ln a
(b− a)(a− xH+)2
−xH+(a xH+ + b xH+ − 2a b) lnxH+
(a− xH+)2(b− xH+)2
]
. (B.43)
B.3 B → Xqγ
The loop functions Gia, C
i
a, and D
i
a in (3.31) and (3.32) are given as
G71(y) =
y(7− 5y − 8y2)
24(y − 1)3 +
y2(3y − 2)
4(y − 1)4 ln y , G
7
2(y) =
y(3− 5y)
12(y − 1)2 +
y(3y − 2)
6(y − 1)3 ln y ,
(B.44)
G81(y) =
y(2 + 5y − y2)
8(y − 1)3 −
3y2
4(y − 1)4 ln y , G
8
2(y) =
y(3− y)
4(y − 1)2 −
y
2(y − 1)3 ln y , (B.45)
C71 (y) =
2
9
y
[
y(18− 37y + 8y2)
(y − 1)4 Li2
(
1− 1
y
)
+
y(−14 + 23y + 3y2)
(y − 1)5 ln
2 y
+
−50 + 251y − 174y2 − 192y3 + 21y4
9(y − 1)5 ln y −
3y − 2
3(y − 1)4 ln y
+
797− 5436y + 7569y2 − 1202y3
108(y − 1)4 −
16− 29y + 7y2
18(y − 1)3
]
, (B.46)
C72 (y) = −
4
3
y
[
4(−3 + 7y − 2y2)
3(y − 1)3 Li2
(
1− 1
y
)
+
8− 14y − 3y2
3(y − 1)4 ln
2 y
+
2(−3− y + 12y2 − 2y3)
3(y − 1)4 ln y +
7− 13y + 2y2
(y − 1)3
]
, (B.47)
C81 (y) =
1
6
y
[
y(30− 17y + 13y2)
(y − 1)4 Li2
(
1− 1
y
)
− y(31 + 17y)
(y − 1)5 ln
2 y
− 226− 817y − 1353y
2 − 318y3 − 42y4
36(y − 1)5 ln y −
3y − 2
6(y − 1)4 ln y
+
1130− 18153y + 7650y2 − 4451y3
216(y − 1)4 −
16− 29y + 7y2
36(y − 1)3
]
, (B.48)
C82 (y) = −
1
3
y
[−36 + 25y − 17y2
2(y − 1)3 Li2
(
1− 1
y
)
+
19 + 17y
(y − 1)4 ln
2 y
+
−3− 187y + 12y2 − 14y3
4(y − 1)4 ln y +
3(143− 44y + 29y2)
8(y − 1)3
]
, (B.49)
D71(y) =
2
9
y
[−31− 18y + 135y2 − 14y3
6(y − 1)4 +
y(14− 23y − 3y2)
(y − 1)5 ln y
]
, (B.50)
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D72(y) = −
2
9
y
[
21− 47y + 8y2
(y − 1)3 +
2(−8 + 14y + 3y2)
(y − 1)4 ln y
]
, (B.51)
D81(y) =
1
6
y
[−38− 261y + 18y2 − 7y3
6(y − 1)4 +
y(31 + 17y)
(y − 1)5 ln y
]
, (B.52)
D82(y) = −
1
3
y
[
81− 16y + 7y2
2(y − 1)3 −
19 + 17y
(y − 1)4 ln y
]
. (B.53)
B.4 B¯ → D(∗)τ ν¯
The coefficients ΓD`i and Γ
D∗`
i for the light leptonic mode are
ΓD`1 = 8.788 , (B.54)
ΓD`2 = −5.230 , (B.55)
ΓD`3 = 0.819 , (B.56)
ΓD
∗`
1 = 32.87− 0.05R1 + 0.81R21 − 17.68R2 + 3.35R22 , (B.57)
ΓD
∗`
2 = −15.34 + 0.02R1 − 0.35R21 + 9.52R2 − 1.88R22 , (B.58)
ΓD
∗`
3 = 1.99 + 0.04R
2
1 − 1.34R2 + 0.27R22 . (B.59)
The coefficients ΓDτi and Γ
D∗τ
i are written as
ΓDτ1 = 1.845 , (B.60)
ΓDτ2 = −0.676 , (B.61)
ΓDτ3 = 0.069 , (B.62)
ΓDτ4 = 2.493 , (B.63)
ΓDτ5 = −0.790 , (B.64)
ΓDτ6 = 0.074 , (B.65)
ΓDτ7 = 1.578 , (B.66)
ΓDτ8 = −0.447 , (B.67)
ΓDτ9 = 0.039 , (B.68)
ΓD
∗τ
1 = 5.593− 0.005R1 + 0.134R21 − 2.051R2 + 0.352R22 , (B.69)
ΓD
∗τ
2 = −1.581 + 0.002R1 − 0.040R21 + 0.692R2 − 0.123R22 , (B.70)
ΓD
∗τ
3 = 0.131− 0.003R21 − 0.063R2 + 0.011R22 , (B.71)
ΓD
∗τ
4 = 1.289− 1.137R2 + 0.251R22 , (B.72)
ΓD
∗τ
5 = −0.408 + 0.361R2 − 0.080R22 , (B.73)
ΓD
∗τ
6 = 0.036− 0.032R2 + 0.007R22 , (B.74)
ΓD
∗τ
7 = 0.384− 0.338R2 + 0.074R22 , (B.75)
ΓD
∗τ
8 = −0.113 + 0.100R2 − 0.022R22 , (B.76)
ΓD
∗τ
9 = 0.009− 0.008R2 + 0.002R22 . (B.77)
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